were 100%, 80-97%, and 50-70% respectively. Atrazine remediation capacity for the immobilized cells was not significantly different from the free cells. Both infiltration rate and cell loading significantly affected atrazine removal for both cell systems. The bacterial loss from the immobilized cell system was 10 to 100 times less than that from the free cell system. For longterm tests at 50 PV, the immobilized cell system provided consistent atrazine removal efficiency while the atrazine removal by the free cells declined gradually because of the cell loss.
INTRODUCTION
Atrazine (6-chloro-N-ethyl-N-(1-methylethyl)-1,3,5-triazine-2,4-diamine) is one of the most widely used herbicides in crop production, and is employed to control broad-leaf weeds. Although atrazine binds to soil, it is routinely detected in groundwater (Gannon 1992; Koskinen & Clay 1997) . Several studies reported that atrazine disrupts doi: 10.2166/wst.2008.810 The batch experiments demonstrated that the PPVA immobilized J14a degraded atrazine well and has potential for remediating atrazine-contaminated water (Siripattanakul et al. 2008) .
The main objective of this work was to examine the use of PPVA immobilized J14a for remediating atrazine in agricultural infiltrate in a sand column setup. A nonimmobilized, free cell experiment was also conducted as an evaluation against the immobilized J14a. The effects of cell loading and infiltration rate on atrazine degradation and the loss of bioaugmented atrazine-degrading culture were investigated.
MATERIALS AND METHODS Chemicals
Atrazine, desethylatrazine (DEA), deisopropylatrazine (DIA), and hydroxyatrazine (HA) were purchased from Sigma Chemical Co. (MO, USA). Polyvinyl alcohol (PVA) (99.0-99.8% fully hydrolyzed, molecular weight 77,000 -79,000, J. T. Baker) and all other chemicals for bacterial medium preparation, synthetic agricultural infiltrate, PPVA immobilization, and atrazine analysis were analytical and HPLC grades (VWR, PA, USA).
Bacterial strain and cultural condition
The bacterial strain of J14a was obtained from the National Soil Tilth Laboratory, Ames, IA, USA (Struthers et al. 1998) . (Radosevich et al. 1995) .
PPVA cell immobilization procedure
The immobilization of J14a in PPVA was conducted following the procedure described by Siripattanakul et al. The PVA was dissolved and mixed with cells to obtain the final PVA concentration of 10% (w/v) and the cell-tomatrix (PVA) ratio of 3.5 mg dry cells ml 21 matrix. Over a 30 min duration, the mixture was slowly dropped into a saturated boric acid solution contained in a 1 litre cylinder to form spherical beads. The formed hydrogel beads were then soaked in a 1 M sodium phosphate solution (pH 7) for 60 min for hardening. The gel beads were washed in deionized (DI) water, and then stored in a 20 mM sodium phosphate solution (pH 6.8) at 48C.
Synthetic agricultural infiltrate, sand, and column preparations

Synthetic agricultural infiltrate preparation
Synthetic agricultural infiltrate was prepared in the same manner as the bacterial medium (described in Section 2.2) with the addition of atrazine. The atrazine concentration in the synthetic infiltrate was 1.5 mg l 21 . Also, the infiltrate was sterilized before applying to sand columns.
Sand preparation
Industrial silica-quartz sand from Le Sueur, MN (Unimin Corporation, CT, USA) was used. The sand was washed with tap water and dried at 1058C for 24 h. The cleaned sand was sieved to obtain the grain sizes between 0.25 to 0.42 mm (US standard sieves number 60 and 40). The sieved sand was autoclaved at 1218C for 30 min three times within three consecutive days. The void ratio (v/v) of the sieved sand loosely packed in a 400-ml graduate cylinder was 0.30 (a void volume of 120 ml).
Column setup
The columns (6.3 cm diameter and 23 cm length) made of polyethylene terephthalate, with effluent sampling ports attached to the bottom were used. All columns were rinsed with 70% isopropanol and autoclaved de-ionized water, respectively, before use. A 400 ml volume of sterile sand was loosely filled in the control columns (tracers). Volumes of 280 to 400 ml sand were mixed with the cells and loosely packed in the bioaugmented columns to obtain the same total empty bed volume (details presented in Section 2.6).
The depth of the packing was 13 cm.
Chloride and atrazine tracer tests
Before starting the atrazine bioremediation test, chloride and atrazine tracer breakthrough tests were carried out to determine the conservative non-sorbing (using chloride tracer), and the non-conservative sorbing (using atrazine tracer) transport properties of solute in the sand column setup. These chloride and atrazine tracer experiments were run in duplicate using sand columns designated as A1 and A2 (Table 1) .
For the chloride tracer test, the sand column was initially The retardation factor (R f ) of atrazine was estimated for interpreting the atrazine transport and sorption using a modified method from the moment analysis. In this method, R f is estimated using the PV of atrazine and chloride (indicated as subscripts) at the respective relative effluent atrazine or chloride concentration (C/C 0 ) of 0.5:
Atrazine bioremediation test in column system
Duplicate atrazine bioremediation tests in sand columns were performed. The effects of the cell loading and infiltration rate on the atrazine degradation efficiencies and cell culture loss were identified. Three sets of the sand columns including set B (immobilized dead cells), set C (immobilized cells), and set D (free cells), were packed as described in Table 1 
Analytical methods
Atrazine and metabolite analysis
Analysis of atrazine and its metabolites including DEA, DIA, and HA were modified from D' Archivio et al. (2007) .
This method employs a solid phase extraction technique using polymeric sorbent of 200 mg in 6 ml cartridge (StrataX, Phenomenex, CA, USA). The extraction cartridge was prewashed and conditioned using 6 ml of ethyl acetate and 6 ml of methanol, respectively. The cartridge was then washed with 6 ml of DI water. After loading a sample and drying the cartridge under vacuum condition, the cartridge was eluted with 6 ml of acetonitrile-methanol (1:1, v/v). The cartridge eluent was then evaporated to dryness under a gentle stream of nitrogen gas, after which, the dry residue was dissolved in 500 ml of water-acetonitrile (1:1, v/v).
Atrazine and its metabolites were measured on a Hewlett
Packard 1100 series high-performance liquid chromatography equipped with a C18 reverse phase column (Jupiter, Phenomenex, USA) at an ultraviolet wavelength of 220 nm.
The isocratic mobile phase of water-acetonitrile (1:1) at a flow rate of 1 ml min 21 was used.
Viable plate count
The bacterial loss from the column systems was determined by number of viable bacteria in the effluent samples. Each (Table 2 ). In addition, the total masses of both tracers in the effluents (0-5 PV) were statistically compared and found not to be significantly different.
Atrazine transport and removal by the immobilized dead cells
Atrazine breakthrough experiments through columns containing different loadings of immobilized dead cells and different flow rates were conducted to examine the sorption effects of the PPVA matrix and dead cells. These breakthrough curves are presented in Figure 2 as B1, B2, and B3
(corresponding to the columns at the dead cell loadings of 300, 600, and 900 mg dry cells l 21 , respectively), where the infiltration rates of 1, 3, and 6 cm d 21 are presented in columns "a", "b", and "c", respectively. These curves were all shifted to the right so that initial breakthrough was delayed, which indicated that the matrix and/or immobilized dead cells sorbed the atrazine. Similarly, the result of the batch experiment from a previous study also reported the atrazine sorption capacity of the matrix and immobilized dead cells together (Siripattanakul et al. 2008) .
Moreover, the R f values (Table 2) Overall, the atrazine removal by the free cells appeared slightly higher than that by the immobilized cells, but this where diffusive mass transfer into the PPVA would be limited especially at higher flow rates. Nevertheless, the lack of statistical significance indicated that J14a in either immobilized or free cell forms was efficient for atrazine remediation.
The statistical result showed that both infiltration rates The trends of the cell leaching for the long-term experiments were similar to the test at 5 PV (presented earlier). The cell leaching from the immobilized cell columns was approximately 5-7 log CFU ml 21 . For the free cell columns, the cell leaching kept decreasing. At 15 PV, the cell leaching of the free cell columns was less than 4 log CFU ml 21 , which was much less than the number of initial J14a (approximately 9 log CFU ml 21 ). These longterm monitoring results confirmed the potential of the immobilized cell system for bioremediation by minimizing cell leaching while maintaining stable atrazine removal.
CONCLUSIONS
The overall atrazine bioremediation result proved that the bioaugmentation technique has high potential for remediating contaminated agricultural infiltrate. In the short-term study, the atrazine removal efficiencies by the immobilized 
